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Abstract 21 
The microclimate of a high-density city affects building energy consumption and 22 
thermal comfort. Despite the practical needs in building design and urban planning to 23 
predict conditions inside street canyons, literature is sparse for physics-based models 24 
that can support early stage design. Existing tools such as the Computational Fluid 25 
Dynamics (CFD) method is computationally expensive and cannot easily be coupled 26 
with other simulation models to account for solar heat gains at urban surfaces and 27 
anthropogenic heat from traffic and building HVAC systems. This paper describes a 28 
zonal model developed to assess airflow and air temperature in street canyons in 29 
high-density cities. The model takes into account 3D urban geometries, external wind, 30 
buoyancy, convective heat transfers from urban surfaces; it can simulate zonal air 31 
temperature, pressure, and airflow patterns by interactively solving mass, pressure and 32 
energy balance equations. The model was evaluated using field measurement on a 33 
'mock-up' site consisted of movable concrete bins mimicking buildings and street 34 
canyons in high-density cities. Experiments were conducted on 3 alternative street 35 
layouts of various height-to-width aspect ratios: moderate (H/W=1), dense (H/W=2), 36 
and high-density (H/W=3). Agreements between predicted and measured air 37 
temperatures were satisfactory across 3 layouts (R2>0.964). Temperature differences 38 
between simulated and measured results were largely within 1 K. The model can 39 
provide a reliable and quick assessment of the impact of street canyons on urban heat 40 
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island (UHI) in high-density cities. The next step is to couple this model with building 41 
energy models.  42 
 43 
Keywords: Zonal Model; Urban Heat Island; Street Canyon Air Temperature; 44 
Microclimate; Mock-Up Site  45 
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1. Introduction 46 
The urban microclimate inside street canyons can have a major effect on the thermal 47 
comfort of pedestrians as well as building energy performance [1] [2]. Previous work 48 
has identified the need to assess urban microclimate in relation to the rapid growth of 49 
the urban population worldwide [3]. The growing urbanization drives the expansion 50 
of the urban area, creating more high-rise buildings, high-density cities and 51 
mega-cities [4] [5]. Building and urban design influence the urban microclimate, and 52 
human anthropogenic heat generation generally intensifies the differences between 53 
urban and rural microclimates [6]. The urban heat island (UHI) which is characterized 54 
by higher temperatures in urban areas than in rural areas is widely reported [6–8]. 55 
However, in most of the current building energy design processes, the microclimate 56 
around a building is not taken into consideration, and the energy demand is predicted 57 
using the meteorological data obtained from a suburban or rural weather station (i.e. a 58 
nearby airport) [9]. This simplification can generally lead to an overestimation of the 59 
annual heating load and underestimation of the cooling load compared to the situation 60 
with consideration of the urban microclimate around the building [10]. Thus, the 61 
studies of the urban microclimate in street canyons are significant for the optimization 62 
of urban design and building energy simulation. 63 
Research literature on urban microclimate indicates experimental and numerical 64 
activities. The experimental approach can provide direct measurement data, showing 65 
the effects of different influencing factors such as the street layout and meteorological 66 
conditions etc. Santamouris et al. [11] measured the airflow and temperature in a deep 67 
pedestrian canyon over a week and found that there were spatial and temporal 68 
variations of the surface and air temperatures inside the canyon. Johansson [12] found 69 
that the average air temperature in the deep street canyon was 6 K lower than the 70 
shallow one and thus it was more comfortable in summer. Karra et al. [13] conducted 71 
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a field and laboratory study and found that the flow field showed a clear sensitivity to 72 
the local geometry. However, the experimental methods are expensive and only 73 
limited cases can be studied. Moreover, due to the limited number of the instruments, 74 
the measurement data is discrete in time and space. Thus, numerical methods have 75 
been developed to assess the microclimate in street canyons. The computational fluid 76 
dynamics (CFD) model is the most common numerical simulation approach which 77 
can simulate the detailed airflow and temperature distribution of the urban domain. 78 
Bruse and Fleer [14] introduced a model named ENVI-met, in which a 79 
non-hydrostatic microclimate model designed to simulate the surface-plane-air 80 
interactions in an urban environment. Chatzidimitriou and Axarli [15] simulated the 81 
effects of geometry on microclimate and comfort in the street canons by ENVI-met. 82 
Oguro et al. [16] established a wind environment database for the assessment system 83 
CASBEE-HI (Comprehensive Assessment System for Building Environmental 84 
Efficiency on Heat Island Relaxation) by CFD simulation. Yang and Li [17] used a 85 
three-dimensional urban surface energy balance model and studied the impact of 86 
urban geometry on average urban albedo and street surface temperature. The outdoor 87 
thermal environment has also been analyzed using CFD models[18,19], while the 88 
buoyancy effect of solar radiation is complex and cannot be easily accounted for in 89 
the CFD simulation of external spaces [20], although recent attempts were made 90 
coupling CFD and building energy models together [21]. Jeanjean et al. [22] analyzed 91 
the combined influence of building morphology and trees on air pollutant 92 
concentration in a neighbourhood by CFD. Wen et al. [23] performed CFD simulation 93 
and studied the flow behavior of the aeration around buildings. Many other studies 94 
used the CFD model to analyze the microclimate in the street canyons could be found 95 
[24–26]. The CFD method, despite many merits, are confronted with difficulties when 96 
applied to large districts and complex urban configurations [27] and it is 97 
computationally expansive, making it practically difficult to support building design 98 
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and urban planning practices in which reliable and quick assessment are needed at 99 
early stages. 100 
In light of many practical limitations of CFD models, other alternatives methods were 101 
developed to assess airflow or temperature in street canyons. De La Flor and 102 
Domı ́nguez [28] presented a numerical urban canyon model to assess the modification 103 
of climatic variables in an urban context. Musy et al. [29] proposed a zonal model to 104 
assess the indoor air temperature and flow. This method was also meaningful to the 105 
model development of outdoor microclimate simulation in street canyons. Bozonnet 106 
et al. [30] developed an empirical model to assess the airflow within the street canyon. 107 
Djedjig et al. [31] proposed a hygrothermal model of green walls and coupled it with 108 
the model of mass flows in street canyons to assess the thermal impact of green walls 109 
on buildings as well as the surrounding microclimate. Masson [32] presented an urban 110 
surface scheme for atmospheric mesoscale models. Yao et al. [20] developed a nodal 111 
network method to model the urban microclimates and validated it against field 112 
measurement data on the campus of Chongqing University. However, the vertical air 113 
temperature and flow profiles could not be predicted with this method. 114 
This study describes the development of a zonal model to simulate the dynamic urban 115 
microclimate of street canyons in high-density cities. The horizontal and vertical 116 
temperature distributions across the simulation domain, air exchange between zones, 117 
can be simulated. Mathematical models and boundary conditions of the zonal model 118 
are described. Scale-model outdoor field experiments have been carried out and 119 
compared with the simulation results. The resulting zonal model is able to predict the 120 
time varying air temperature in street canyons quickly with acceptable accuracy, 121 
which has promising applications in the stages of urban and building design. 122 
2. Method of the mathematic model 123 
The basic idea of zonal modelling is to divide the street canyons into multiple zones 124 
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connected with each other. The air in each zone is assumed to be well-mixed with a 125 
uniform air temperature. The vertical division of zones is used to account for the 126 
vertical distribution of temperature within deep street canyons. Fig. 1 illustrates a 127 
typical zonal division for the outdoor environment. The height in the same level of the 128 
zones is set to be identical. Dimensions and divisions of the zones describe the 129 
building and canyon geometries and layouts of the domain. Pressure, temperature and 130 
air density in each zone of the domain follow the ideal gas law. The zonal method is 131 
based on mass and heat balances for the macroscopic volumes. 132 
 133 
Fig. 1 Schematic depiction of the zonal urban microclimate model. 134 
 135 
2.1 Mass and heat balances 136 
2.1.1 Mass balance in the network 137 
Airflow takes place across the inter-connected zones, with mass variations due to air 138 
density differences assumed negligible in an urban environment. Thus, the zonal mass 139 
balance equation can be expressed as: 140 
 
1
( )
j N
i j ji si
j
m - m M
=
=
=∑  (1) 
141 
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where mij and mji are the mass flow rate from zone i to zone j and zone j to zone i 142 
respectively (kg/s), and both are defined as “positive” variables; Msi is the rate of 143 
mass accumulation in zone i (kg/s), while N is the number of the zone. 144 
2.1.2 Heat balance in the network 145 
Heat transfer occurs between zones due to mass exchanges or between air and 146 
surfaces, i.e. building walls, roofs and the ground. The zonal heat balance equation is 147 
expressed as: 148 
 
1 1 1
( ) ( )
j N k M a S
i
i i p ji p j i j p i k k surf i si
j k a
dTV c m c T m c T h A T T Q
dt
ρ
= = =
= = =
= − + − +∑ ∑ ∑  (2) 
149 
where the term in the left hand is the heat change of the air, the first term in the right 150 
hand represents the heat exchange due to mass flow exchange, the second term in the 151 
right hand is the convective heat flux, the third term is power of heat generation from 152 
anthropogenic source. iρ  is the zonal air density (kg/m3); iV  is the zonal volume 153 
(m3); pc  is the specific heat capacity of the air (J/kg.K); Ti and Tj are the air 154 
temperature of zone i and zone j (K); hk is the convective heat transfer coefficient 155 
between the surface and air (W/m2.K); Ak is the area of the surface (m2); Tsurf is the 156 
surface temperature (K); siQ  is the power of heat generation from anthropogenic 157 
source within zone i (W), i.e. traffic, air conditioning (AC) units, or cooking. The 158 
surface temperature Tsurf can be obtained by an energy balance equation on the surface 159 
or measured onsite directly.  160 
2.2 Pressure and airflow balances  161 
The airflow between zones is driven by pressure and density differences. Flows are 162 
calculated for 1) horizontal and 2) vertical opening accordingly. The inclined opening 163 
could be equivalent to a horizontal opening and a vertical opening with different areas 164 
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according to the projection. 165 
2.2.1 Airflow model at horizontal opening 166 
For horizontal openings, the hydrostatic variation of pressure between the horizontal 167 
connected two zones ( jiP∆ ) is expressed below [22] [24] [25]: 168 
 
1 ( )
2ji j i i i j j
P P P g h hρ ρ∆ = − − +
 (3) 
169 
where Pj, jρ and hj are the pressure, air density and overall height of the upper zone j. 170 
Pi. iρ  and hi are the pressure, air density and overall height of the bottom zone i. g is 171 
the gravitational acceleration (m/s2). 172 
Thus mass flow rate across the horizontal opening can be expressed as: 173 
 
2 ,    ,   if 0ji j ji ij jim A P m = 0 Pµ ρ= ∆ ∆ >  (4) 
174 
 
2 ,    ,   if 0ij i ji ji jim A P m = 0 Pµ ρ= ∆ ∆ <  (5) 
175 
where µ  is the discharge coefficient of the opening; A is the area of the opening (m2). 
176 
The discharge coefficient is depended on the opening Reynold number, wind 
177 
incidence angle and direction of air flow, size and shape of the opening [35,36]. 
178 
2.2.2 Airflow model at vertical opening 179 
For vertical openings, when there is temperature difference between zones, this 180 
temperature difference will result in an air density difference, leading to a positive 181 
pressure difference at the top of the opening and a negative pressure difference at the 182 
bottom (or vice versa) [37]. Two-way airflow may occur according to the position of 183 
the neutral level. At the neutral level, the air velocity is zero, which can be determined 184 
according to the following equation. 185 
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 ( )n i j
PZ
gρ ρ
∆
=
−
 (6) 
186 
where Zn is the neutral level (m); P∆  is the pressure difference between zones (Pa). 187 
The airflow model may vary in different conditions, according to the position of the 188 
neutral level, therefore the airflow rate is categorized into the following situations. 189 
(1) When 0 nZ h< < , the neutral level is within the opening. Two-way airflow 190 
occurs at the vertical opening, which can be calculated by: 191 
 
3
22 2 ( )
3ij i i j n
m W g h Zµ ρ ρ ρ= − −  (7) 
192 
 
3
22 2 ( )
3ji j i j n
m W g Zµ ρ ρ ρ= −  (8) 
193 
(2) When 0nZ ≤ , the neutral level is below the opening. The airflow is 194 
unidirectional and flows from zone i to zone j, which can be calculated by: 195 
 
3
2
3
22 2 ( ) ( )
3ij i i j n n
m W g h Z Zµ ρ ρ ρ  = − − − − 
 
 (9) 
196 
 
0jim =  (10) 
197 
(3) When nZ h≥ , the neutral level is above the opening. Air flows from zone j to 198 
zone i, which can be calculated by: 199 
 
0ijm =  (11) 
200 
 
3
2
3
22 2 ( ) ( )
3ji j i j n n
m W g Z Z hµ ρ ρ ρ  = − − − 
 
 (12) 
201 
where h is the overall height of the vertical opening (m); W is the width of the 
202 
opening (m).  
203 
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2.3 Boundary conditions 204 
To solve the above mass and heat balance equations, the boundary conditions of the 205 
model need to be provided or calculated, which include the wind, temperature and 206 
pressure boundary conditions. There are five zones connected to the simulation 207 
domain from the adjacent surroundings, which, for example, can represent the 208 
boundary zones in the north, south, east, west directions and the upper boundary zone.  209 
2.3.1 Wind boundary condition 210 
The wind direction and speed will affect the wind pressure around the simulation 211 
domain. The wind velocity in the rural boundary is prescribed by a power law 212 
distribution, which is widely used in horizontal wind speed estimation[38–41]: 213 
 0
0
( )z
Z
v v
Z
α
=
 (13) 
214 
where vz is the reference wind speed at height Z (m/s); v0 is the wind speed measured 215 
at the weather station (m/s); Z0 is the height of the weather station (m). α is an 216 
empirical constant depending on atmospheric condition, flow stabilities and surface 217 
configurations.  218 
2.3.2 Temperature boundary condition 219 
The air temperature of the boundary zone influences the heat transfer between the 220 
boundary and the simulation domain induced by the airflow, while surface 221 
temperatures within the domain affect the heat transfer from the surfaces to the 222 
specific zones. Thus, both air temperatures of the boundary zones and surface 223 
temperatures of the exterior building envelopes, and the exterior ground temperatures 224 
need to be provided. Air temperature of the boundaries zones, such as north, south, 225 
west, east, and upper zones of the simulated domain, are assumed to be the same as 226 
that at the local weather station. The surface temperatures of the buildings and ground 227 
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can either be calculated by a building energy and surface temperature models or 228 
measured onsite.  229 
2.3.3 Pressure boundary condition 230 
The static air pressure (Ps) at a given height Z can be inferred from a local weather 231 
station after adjusting for the stack effect due to gravity: 232 
 0 0( )sP P g Z Zρ= − −  (14) 
233 
where P0 is the measured barometric pressure at the operational weather station (Pa) 234 
and ρ is the density of the air (kg/m3).  235 
The wind pressure at the boundary surfaces of the simulated domain can be calculated 236 
according to the wind profile. The main differences between east, west, south and 237 
north surrounding zones are the values of the wind pressure coefficient ζ, which varies 238 
according to the wind direction. Thus, wind pressure (Pvz) at the boundary surfaces 239 
can be calculated by the following equation: 240 
 
22
20
0
( )
2 2
z
vz
vv ZP
Z
αρρζ ζ= =
 (15) 
241 
3. Model evaluation 242 
3.1 Experimental setup 243 
In order to evaluate the performance of the zonal model, scale-model outdoor field 244 
experiments were conducted in a mock-up site of Sun Yat-sen university campus in 245 
suburb region of Guangzhou, China (23°4′ N, 113°23′ E). Fig. 2 shows the plan of the 246 
mock-up site. The mock-up street canyons were built with hollow concrete bins of 0.5 247 
m × 0.5 m × 1.2 m (width × length × height) with the wall thickness of 1.5 cm. 248 
During the experiment, a total number of 620 concrete bins were aligned in parallel 249 
rows along the east-west direction. Each row has 20 concrete bins numbered 1 to 20 250 
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starting from the east to west. The space in the mock-up street canyons could be 251 
subdivide as 20 zones in accordance with the number of the concrete bins. Zone No. 252 
12 was used as the target zone to validate the accuracy of the model. The widths of 253 
the “street canyons” were made to 1.2 m, 0.6 m, and 0.4 m, which result in aspect 254 
ratios (H/W) of 1, 2 and 3, respectively. The effect of the depth of the street canyon on 255 
the microclimate around the buildings can be studied. These are simplified cases 256 
compared to the actual street canyons in city. The advantages of carrying out a field 257 
experiment on the mock-up site are that it allows reliable measurement of air 258 
temperature, surface temperatures of the ground, wall and the roof, whereas in a real 259 
city these variables cannot be easily measured and it is almost impossible to account 260 
for anthropogenic heat emissions from traffic and other activities accurately. 261 
Simulations have been compared with the measurement data, which were obtained in 262 
the experiment conducted on 19-21 July 2016. 263 
    264 
(a)                                      (b) 265 
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 266 
         (c)                               (d) 267 
 268 
Fig. 2 The experiment site. (a) Schematic illustration of the plan of the mock-up street 269 
canyons with aspect ratios of moderate (H/W=1), dense (H/W=2), and high-density 270 
(H/W=3), (b) Aerial photo of the mock-up site taken on 18 July 2016, (c) & (d) 271 
Horizontal photos of the mock-up site taken on 18 July 2016 272 
 273 
Measurements were conducted simultaneously and the locations of all the instruments 274 
were the same for the three different aspect ratio scenarios. Air temperatures were 275 
measured by iButton (DS 1922L) with shielding at the interval of 1 min. Two of them 276 
were placed in the center of zone No. 12 at the height of 0.1 m and 0.6 m to measure 277 
the air temperature in the mock-up street canyon. Another was placed at the height of 278 
1.3 m to measure the air temperature above the canyons. The measurement range and 279 
error of this instrument were -40 to 85 °C and ±0.5 °C. Thermocouples were mounted 280 
on the vertical walls, the ground and roof surfaces to measure the time-varying 281 
surface temperatures. These surface temperature data were recorded continuously by 282 
Agilent 34972A data loggers at intervals of 3 seconds. Due to limited numbers of 283 
available equipment, only the surface temperatures of concrete bins No. 9-13 were 284 
measured. Thus, surface temperatures of concrete No. 12 and other concretes near it 285 
were measured in detail, which could assure the accuracy of the boundary conditions 286 
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of the target zone No. 12. Surface temperatures of concretes No. 1-8 and No. 14-20 287 
were assumed to be the same as that of concretes No. 9 and No. 13, respectively. 288 
Several lines of thermocouples were placed alone the “wall” and “roof” surfaces to 289 
measure the temperature gradation as they were shown in Fig. 3(b) 290 
Fig. 3. The positions of the thermocouples in the opposite “wall” and “roof” surfaces 291 
of the mock-up street canyon were the same. Five thermocouples were place evenly at 292 
the central line of the ground surface of zone No. 12 at the north-south direction. To 293 
double-check surface temperature measurement from thermocouples, an infrared 294 
camera (FLIR P635) was used to take thermal imagery of the mock-up site on a 295 
regular basis. Comparison of the surface temperature measurement results between 296 
these two methods has been illustrated in Fig. S1 of the supporting information. 297 
 298 
(a) 299 
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 300 
(b) 301 
Fig. 3 Instrument layout in the mock-up street canyon. (a) Illustration of the locations 302 
of the instruments (the “○” represents the thermocouples), (b) Photo of the sensors 303 
A weather station (RainWise PortLog) was used to measure the local air temperature, 304 
barometric pressure, solar radiation, rainfall, wind direction and speed, which could 305 
serve as the input boundary conditions for the modelling. It was located at the central 306 
of the experiment site at north-south direction. The distance between the west edge of 307 
the mock-up street canyons to the anemometer was 15 m. The monitoring time 308 
interval was set to 1 min. The sensors of the weather station were located at a height 309 
of 2.4 m above the ground. Theurer [41] concluded that for interrupted rows and row 310 
like buildings, the α value in equation 13 is recommended to be 0.36 and 0.44, 311 
respectively. The α was assumed to be 0.4 for the mock-up site in this study. 312 
Consequently, with the wind speed and height of the weather station are given, the 313 
vertical profile of the wind speed at different height could be calculated and thus the 314 
wind boundary condition could be obtained. 315 
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3.2 Measurement results 316 
The hourly average local air temperature and barometric pressure are presented in Fig. 317 
4(a). The air temperature ranged between 300-310 K (27-37 °C) during the 318 
measurement period. Air temperatures at 14:00, 19 and 21 July decreased noticeably 319 
due to the sudden showers at the period of 13:49-14:02, 19 July and 13:52-14:04, 21 320 
July recorded by the local weather station. As the water absorbed by the concrete bins 321 
could not be accurately estimated when it was raining, nor the amount of moister 322 
evaporating from the surfaces after the rain, the heat exchange at the concrete surfaces 323 
due to this factor could not be well considered. Thus the effect of rain was not 324 
considered in our simulation. Consequently, the simulated temperatures supposed to 325 
be higher than the measured data at the rainy hours (13:00-14:00) and several hours 326 
after (14:00-17:00).  327 
The hourly average wind speed and direction are shown in Fig. 4(b). Wind from the 328 
north direction corresponds to 0 ° in the figure. Recorded wind direction ranged from 329 
76° to 250°, allowing assessment of conditions in which wind are parallel, transverse 330 
or oblique to the street canyon. The actual wind speed and direction vary over time. 331 
To simplify, hourly average wind direction and speed were used as the input boundary 332 
conditions of the model to calculate the wind pressure around the mock-up street 333 
canyons. The wind speed varied between 0.07 to 3.0 m/s and the wind direction 334 
varied between 76 to 250 ° during the experiment. 335 
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 336 
(a) 337 
 338 
(b) 339 
Fig. 4 Boundary conditions measured by the local weather station during the 340 
measurement. (a) Air temperature and barometric pressure, (b) Wind speed and 341 
direction (degrees from north)  342 
 343 
100600
100700
100800
100900
101000
101100
101200
101300
101400
300
303
306
309
312
0:00 12:00 0:00 12:00 0:00 12:00
Ba
ro
m
et
ric
 
pr
es
su
re
 
(P
a)
A
ir 
te
m
pe
ra
tu
re
 
(K
)
Time
Air temperature Barometric pressure
19 July 20 July 21 July
0
60
120
180
240
300
360
0.0
0.6
1.2
1.8
2.4
3.0
3.6
0:00 12:00 0:00 12:00 0:00 12:00
W
ind
 
dir
ec
tio
n 
(°)
W
ind
 
sp
ee
d 
(m
/s)
Time
Wind speed Wind direction
19 July 20 July 21 July
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
19 
 
Surface temperatures for different aspect ratios are presented in S2 and Fig. S2 of the 344 
Supporting Information. Air temperatures at the mock-up street canyons are presented 345 
in Fig. S3 of the Supporting Information. There were slight differences among 346 
different scenarios. 347 
3.3 Computer simulation 348 
The “street canyons” of the mock-up site were digitalized as inputs for the zonal 349 
model. The linear space of the “street canyon” was segmented into 20 zones of equal 350 
size, numbered 1 to 20 starting from east to west. Zone No. 21 was added on the top 351 
of the street canyon and two rows of concrete bins. The height of this upper zone was 352 
assumed to be 1.2 m and the length was 10 m. This could consider the heating or 353 
cooling effects of the roof to the upper zone of the canyons. 21 zones of the 354 
simulation domain, five boundary zones, namely the east, west, north, south and 355 
upper boundary zones were included in the simulation. Fig. 5 shows the division of 356 
the zones for the mock-up street canyon.  357 
Generally speaking, the discharge coefficients µ in the equations for sharp-edged 358 
openings are in the range of 0.6-0.65 [35,42,43]. In our case, we have a continuous 359 
street canyon which is manually divided into zones. There are no valves nor 360 
obstructions other than the canyon walls, thus the value is supposed to be larger. A 361 
value of 1 was adopted in our simulation. Sensitivity analysis of discharge coefficients 362 
on the simulation results were also included in the Supporting Information. The air 363 
temperatures in the mock-up street canyon are not sensitive to the discharge 364 
coefficient according to the results.  365 
By inputting the surface temperatures of each zone and the measurement data of the 366 
local weather station, together with the airflow model, heat and mass balance 367 
equations in the zones, air temperature in each zone and airflow rates between zones 368 
were simulated. The simulation results for zone No. 12 were compared with the 369 
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measured air temperature data. The calculation was executed using Python 370 
programming language. For condition in each hour, the calculation tooks less than 10 371 
seconds to reach convergence, in which the pressure, temperature and air flow 372 
residuals are less than 0.01 Pa, 0.0001 K and 0.06 kg/s respectively. Fig. 6 shows the 373 
convergence conditions of pressure, temperature and air flow at a typical hour. 374 
 375 
(a) 376 
 377 
(b) 378 
Fig. 5 (a) Division of zones for the mock-up street canyon; (b) Wind vertical profile 379 
of the study site (alpha = 0.4) 380 
 381 
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(a) (b) (c) 
Fig. 6 Convergence of pressure, temperature and air flow at a typical hour. (a) 
Pressure residual (Pa), (b) Temperature residual (°C), (a) Airflow residual (kg/s) 
 382 
3.4 Comparison between the simulation and measurement results 383 
Fig. 7 shows the air temperature comparison between the simulated and measured 384 
data for the aspect ratio of 1 (H/W=1). The correlation and root mean square error 385 
(RMSE) value for the simulated and measured data are also presented. Simulated air 386 
temperature in the mock-up street canyon showed the same variation trend as the air 387 
temperature measured at the local weather station. The air in the mock-up street 388 
canyon was heated by the surface of the concrete columns and can result in a higher 389 
value than the air temperature at the local weather station sometimes. It could raise 390 
2-6 K at noon. Correlation analysis suggested that the simulated temperatures were in 391 
good agreement with the measured data. Differences between them were generally 392 
within 1 K (the RMSE was 0.0025 for this case), indicating the acceptable accuracy of 393 
the outdoor zonal model. Fig. 8 and Fig. 9 show the air temperature comparisons 394 
between the simulated and measured data for an aspect ratio of 2 and 3, respectively. 395 
Same as the case of moderate aspect ratio, good agreements between the simulated 396 
and measured data were also achieved in the dense and high-density scenarios. 397 
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 398 
(a) 399 
 400 
(b) 401 
Fig. 7 Comparison of the air temperatures in the mock-up street canyon between the 402 
simulated and measured data for the moderate aspect ratio (H/W=1). (a) Comparison 403 
between the measured and simulated air temperatures, (b) Correlation analysis 404 
(RMSE=0.0035) 405 
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   406 
(a) 407 
  408 
(b) 409 
Fig. 8 Comparison of the air temperatures in the mock-up street canyon between the 410 
simulated and measured data for the dense aspect ratio (H/W=2). (a) Comparison 411 
between the measured and simulated air temperatures, (b) Correlation analysis 412 
(RMSE=0.0029) 413 
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   414 
(a) 415 
  416 
(b) 417 
Fig. 9 Comparison of the air temperatures in the mock-up street canyon between the 418 
simulated and measured data for the high-density aspect ratio (H/W=3). (a) 419 
Comparison between the measured and simulated air temperatures, (b) Correlation 420 
analysis (RMSE=0.0041)  421 
 422 
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3.5 Strength and limitation of the zonal model 423 
The strength of the zonal model lies in its ability to estimate urban buoyancy flow 424 
driven by solar heat gains and anthropogenic heat sources. This model is not intended 425 
to replace CFD modelling; rather, it can serve as a supplement to the existing 426 
state-of-the art methods for rapid calculation over longer time periods, for example, 427 
providing hourly values for a whole year. It is quick and it can be easily coupled with 428 
other simulation platform such as building energy models. Results can be convenient 429 
illustrated for practical applications. The airflow pattern as well as temperature profile 430 
of the street canyon with aspect ratio of 3 at 13:00 Jul.20 are presented in Fig. 10. The 431 
air from the boundary zone came from the west direction, heated by the ground and 432 
vertical surfaces of the mock-up street canyon. Air temperature in the canyon 433 
increased from the west to east consequently. 434 
 435 
Fig. 10 Visualization of predicted zonal air temperature and inter-zonal airflow rate in 436 
the mock-up street canyon with aspect ratio of 3 at 13:00 Jul.20, 2016 437 
 438 
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The limitation of the zonal model lies in its lack of turbulence model. In order to 439 
examine the impact of turbulence characteristics on canyon temperature, we 440 
conducted CFD simulation of the study site using ANSYS Fluent as well as tracer-gas 441 
experiment. Results show that the zonal model prediction has limitations in the 442 
presence of strong turbulence introduced by perpendicular wind in medium density 443 
urban configuration (H/W=1). This effect is more prominent with wind perpendicular 444 
to street canyon consisted of uniform height buildings, where prediction from the 445 
zonal model can be over 1 °C higher than measurement data under our study site 446 
conditions. However, the impact of turbulence is subdued in high-density conditions 447 
(aspect ratio H/W=3) or under parallel wind, in which predictions from the zonal 448 
model agree very closely with those from the CFD model and measurement data 449 
(within 0.3 °C). Detailed analysis and discussions are featured in the Supporting 450 
Information.  451 
 
Time 5:00, 19 July 15:00, 19 July 
Dominant wind direction Perpendicular wind 
(south) 
Parallel wind  
(east) 
Aspect ratio H/W=1 H/W=3 H/W=1 H/W=3 
CFD predicted temperature (°C) 27.89  27.72  30.21  29.85  
Zonal model predicted temperature (°C) 28.90  27.77 30.08  29.82  
Measured air temperature (°C) 27.73  28.09  29.78  30.05  
Fig. 11  Predicted street canyon air temperature by CFD and zonal model in 452 
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comparison with measurement data. 453 
 454 
4. Conclusion 455 
This paper described a zonal model developed to simulate urban microclimate 456 
conditions in street canyons. Outdoor field measurements have been carried out for 457 
mock-up street canyons constructed from concrete bins including zones with three 458 
different aspect ratios (H/W=1, 2, 3) on a campus environment to evaluate the model 459 
performance. Air temperature in the mock-up street canyons could increase up to 6 K 460 
above the ambient conditions at the noon, suggesting the necessity to consider the 461 
urban microclimate around the buildings. Predicted air temperatures for the mock-up 462 
street canyons showed satisfactory agreement with measurement data (within 1 K) for 463 
all three aspect ratio cases. The zonal model can predict in-situ air temperature in 464 
high-density cities, and, due to its fast computing speed, can potentially support early 465 
stage design. The next step is to couple the zonal model with building energy models 466 
to simulate annual hourly solar radiation, surface energy balance, and anthropogenic 467 
heat sources for a cluster of buildings in urban context.  468 
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Figure captions 
Fig. 1 Schematic depiction of the zonal urban microclimate model. (The solid blocks 
describe the buildings) 
Fig. 2 The experiment site. (a) Schematic illustration of the plan of the mock-up street 
canyons with aspect ratios of moderate (H/W=1), dense (H/W=2), and high-density 
(H/W=3), (b) Aerial photo of the mock-up site taken on 18 July 2016, (c) Horizontal 
photos of the mock-up site taken on 18 July 2016 
Fig. 3 Instrument layout in the mock-up street canyon. (a) Illustration of the locations 
of the instruments (the “○” represents the thermocouples), (b) Photo of the sensors 
Fig. 4 Boundary conditions measured by the local weather station during the 
measurement. (a) Air temperature and barometric pressure, (b) Wind speed and 
direction  
Fig. 5 Division of zones for the mock-up street canyon 
Fig. 12 Convergence of pressure, temperature and air flow at a typical hour. (a) 
Pressure residual, (b) Temperature residual, (a) Airflow residual 
Fig. 7 Comparison of the air temperatures in the mock-up street canyon between the 
simulated and measured data for the moderate aspect ratio (H/W=1). (a) Comparison 
between the measured and simulated air temperatures, (b) Correlation analysis 
(RMSE=0.0025) 
Fig. 8 Comparison of the air temperatures in the mock-up street canyon between the 
simulated and measured data for the dense aspect ratio (H/W=2). (a) Comparison 
between the measured and simulated air temperatures, (b) Correlation analysis 
(RMSE=0.0029) 
Fig. 9 Comparison of the air temperatures in the mock-up street canyon between the 
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simulated and measured data for the high-density aspect ratio (H/W=3). (a) 
Comparison between the measured and simulated air temperatures, (b) Correlation 
analysis (RMSE=0.0041) 
Fig. 10 Visualization of predicted zonal air temperature and inter-zonal airflow rate in 
the mock-up street canyon with aspect ratio of 3 at 13:00 Jul.20, 2016 
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Research Highlights 
 Developed a zonal model to assess street canyon air temperature of high-density 
cities  
 The model was evaluated in field measurement on a mock-up site with 3 aspect 
ratios 
 Good agreements between predicted and measured air temperatures were 
observed(<1 K) 
 Peak warming between 2-6 K above the ambient air temperature were observed 
in mockup street canyons 
